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ABSTRACT The picosecond fluorescence kinetics and quantum yield from bovine rhodopsin were measured in the
5-400K range. The fluorescence rise and decay times are faster than our resolution of 15 ps (full width at half
maximum) over this entire temperature range. The size of the observed emission was also temperature independent, and
we find that the upper limit of rhodopsin's fluorescence quantum yield to be of 10-5. Replacing all of rhodopsin's
exchangeable protons with deuterons by suspending rhodopsin in D20 had no effect on either the kinetics of the emission
or the value of the quantum yield. Our data provide strong confirmation of the idea that the first step in the visual
process is an excited-state cis-to-trans isomerization about the Cl 1-C12 double bond of retinal.
INTRODUCTION
The visual pigment, rhodopsin, consists of a single chromo-
phore, 11 -cis retinal, covalently bound in the form of a
protonated Schiff base to the e-amino group of lysine-321
in the apoprotein opsin (1). Vision is initiated when the
chromophore absorbs a photon, and rhodopsin is trans-
formed to its primary photoproduct, bathorhodopsin.
There are a number of remarkable properties in the
primary photophysics of visual proteins. The formation
quantum yield of bathorhodopsin from rhodopsin (0.67) is
very high, indicative of an extremely efficient process.
Also, some two-thirds of the incident photon's energy is
converted to chemical energy in the rhodopsin-to-batho-
rhodopsin phototransition, since the enthalpy of bathorho-
dopsin is some 35 kcal/mol higher than that of rhodopsin's
(2,3). This energy is used to drive subsequent thermal
reactions, ultimately resulting in visual perception.
The rhodopsin-bathorhodopsin transformation has been
extensively studied. The in situ retinal chromophore isom-
erizes, being converted from an 11 -cis isomer to a trans-
like species (1). The bathorhodopsin formation time is very
fast, <6 ps, at room temperature, being as yet unresolved in
picosecond absorption spectroscopic measurements. At
much lower temperatures near liquid helium, the forma-
tion time has been measured. Peters et al. (4) found that
the rise time of bathorhodopsin followed a non-Arrhenius
temperature dependence and increased markedly when
measured for samples suspended in D20. These results
prompted their suggestion that a proton(s) translocation
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process is the rate limiting step in bathorhodopsin forma-
tion. Thus, there are at least two steps in the rhodopsin-
bathorhodopsin transformation, isomerization of the reti-
nal chromophore and proton motion of an unspecified, but
exchangeable opsin proton. The ordering of these steps is
unclear.
Using picosecond fluorescence techniques, we recently
determined the fluorescence quantum yield, of, of bovine
and squid rhodopsins at room temperature (5). Both
pigments yielded the same results within our signal-to-
noise ratio, where we found of = 1.2 (±0.5) x 10'. From
Of = TnlTr, we estimated that the nonradiative lifetime of
the process that competes with fluorescence to be on the
order of 0.1 ps. The rise and decay times of the emission
signal were faster than our resolution of 15 ps. In this
paper, we extend these measurements by studying the
fluorescence properties of bovine rhodopsin at very low
temperatures, in the 5-400K range, and for samples sus-
pended in D20 as well as H20. We find the measured
fluorescence quantum yield and kinetics to be unaffected
by either changes in temperature or sample deuteration.
We conclude that the proton-translocation rate limiting
step in bathorhodopsin formation is too slow to be the
process involved in that governing rhodopsin's fluorescence
properties. Since previous results (5, 6) from our labora-
tory strongly suggest that the nonradiative decay process
competing with emission in rhodopsin does involve rota-
tional motion about retinal's IIC-i 2C bond, we conclude
that the first step in forming bathorhodopsin is a fast
subpicosecond 1 -cis-to-trans photoisomerization. We
described below constraints that our data places on the
relevant potential surfaces describing such rapid rotational
motion.
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METHODS AND MATERIALS
The apparatus used in the fluorescence kinetic measurements has been
described in detail elsewhere (7). The second harmonic of a mode-locked
Nd:glass laser at 527 nm was used to excite the samples. Previous results
(5) on the fast component (see below) at room temperature have shown
that more than 90% of the fluorescence lies between 560 and 700 nm, with
the emission maximum near 620 nm. All data reported here is the
integrated intensity from 550-800 nm, corrected for the time and
intensity nonlinearities of the Hamamatsu streak camera (Hamamatsu
Corp., Middlesex, NJ). The time resolution of the entire system was - 15
ps (full width at half maximum). Sample temperature was controlled
using a liquid helium dewar (model IODT; Janis Research Co., Inc.,
Wilmington, MA). The samples were deposited in a solid clear Plexiglas
cylinder with two semicircular grooves (2 mm wide, 4 mm deep). The
rhodopsin samples, suspended in H20 or D20, were placed in respective
grooves. The sample holder was rotated before every actinic pulse to
expose fresh sample. Rhodopsin was prepared from dark-adapted bovine
retinas (Lawson Company, Lincoln, Nebraska) by using the method of
Papermaster and Dreyer (8) with slight modification. The samples had a
A20O/A500 = 2.5, and their concentration in 10 mM Hepes buffer, pH =
7.0, was adjusted to 8 OD/cm at 500 nm. Deuterated samples were made
by repeated centrifugation and suspension in 99.8% D20.
RESULTS
Typical fluorescence kinetic results from bovine rhodopsin
at 50K in H20 and D20, respectively, are shown in Fig. 1 a
and b. The two data sets are essentially identical. The
curves can be fitted to a double exponential with a fast
component, which is resolution limited, and a slow compo-
nent having a decay time of -250 ps. In our previous study
(5) at room temperature, we observed that the slow
component, unlike the fast component, remained after
sample bleaching and varied in intensity from various
sample preparations. We thus assign, as in our previous
work, the slow component to sample impurities and the fast
component to the intrinsic chromophore fluoresence. The
slow component was extrapolated to zero time and sub-
tracted from the total amplitude to provide the amplitude
of the fast component. The time-integrated areas arising
from the fast component were normalized for the energy of
the exciting pulse and the gain of the temporal analyzer
and compared to the integrated fluorescence of rhodopsin
at room temperature. The kinetic signal of the emission,
taken at room temperature under otherwise identical con-
ditions, is shown in Fig. 1 c. We found previously that the
quantum yield, of, of rhodopsin in H20 at room tempera-
ture to be 1.2(±0.5) x 10-5 . The low temperature quan-
tum yields were found to be insensitive to temperature in
the 5-400K range with average values of 6.5(± 1.5) x 10 6
and 6.7(±2.7) x 10-6 for the protonated and deuterated
rhodopsins, respectively, when referenced to the room
temperature data of Fig. 1 c. The errors refer to the
standard deviation of many individual runs. The values of
the fluorescence quantum yield at low temperatures vs.
room temperature were generally somewhat lower. It is
difficult to know whether there is any meaning to this since
the low temperature and room temperature results agree to
within our statistical sampling. We do note that one
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FIGURE I Typical fluorescence kinetics integrated from 550-800 nm of
bovine rhodopsin: (a) at 50K in H20, (b) at 50K in D20, and (c) at room
temperature in H20.
possible source of difference between low temperature and
room temperature is that of sample freezing. This could
modify the geometry of the apparatus somewhat. In any
case both the fluorescence quantum yield and observed
kinetics were insensitive to temperature variations in the
5-400K range. Within our errors, the fluorescence quan-
tum yield appears to be constant or varies slowly over the
entire 5-3000K range and is unaffected by deuteration.
The time-integrated exciting-laser-pulse power density
used in these experiments was 1.5 x 1016 to 3.0 x 1016
photons/cm'. Our instrument in these low-temperature
experiments was unable to observe fluorescence signal for
lower power levels due to the very low value of the
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fluorescence quantum yield. This power is sufficiently
large to result in significant bathorhodopsin formation, and
absorption of a photon by bathorhodopsin can result in
isorhodopsin formation as well as rhodopsin reformation.
Using the measured quantum yields for the rhodopsin-
bathorhodopsin-isorhodopsin photointerconversions (9)
and absorption cross sections at 527 nm and assuming that
bathorhodopsin is formed instantaneously when rhodopsin
absorbs a photon, we find that 62% of the photons incident
on the sample have been absorbed by rhodopsin, 37% by
bathorhodopsin, and 1% by isorhodopsin at the low end of
the power range and a respective 53:45:2 ratio at the higher
power value. Thus, the fluorescence we observe in this
series of experiments arises from both rhodopsin and
rhodospin's photoproducts. The assumption that bathorho-
dopsin forms in a short time compared to the incident laser
pulse width is quite reasonable for our studies performed at
higher temperatures. Bathorhodopsin's formation time is
<6 ps for temperatures Z200K. For temperatures below
200K, excited state and/or ground state precursors to
bathorhodopsin are sufficiently long lived to absorb light
and provide a fluorescence signal. Thus, strictly speaking,
the fluorescence quantum yields refer to a mixture of
components present in the sample, about half being rho-
dopsin and the other half being photoproducts. The upper
limit of rhodopsin's fluorescence quantum yield is thus
-10-5. Moreover, the data suggest that bathorhodopsin's
fluorescence quantum yield is very low as well, being
- 10 at least for temperatures .200K.
We should point out that, particularly with such
extremely low fluorescence quantum yields, there is a
possibility that the observed fluorescing chromophore is
not that at rhodopsin's active site. For example, an artifac-
tual chromophore, present in one percent concentration
compared to rhodopsin and whose true fluorescence quan-
tum yield is 10'3, would yield a measured value of 10-5.
This artifactual chromophore would have to have the
property that it undergoes some sort of bleaching, like
rhodopsin, since we observe that the fast component disap-
pers upon bleaching. Also, we observed in earlier studies
that the fast component did not vary in fluorescence
quantum yield and kinetic properties across bovine and
squid rhodopsins. Although these would be highly unusual
properties for an artifactual chromophore, such a possibil-
ity cannot be dismissed. For example, a retinal binding
protein has been isolated from bovine retina, where 1 -cis
retinal, when bound to this protein, bleaches (10). (It is
unlikely, however, that this particular protein is responsible
for the observed fluorescence; the bound retinal for this
protein absorbs far to the blue of the exciting 530-nm laser
excitation used here.)
DISCUSSION
The photochemical formation kinetics of bathorhodopsin
from rhodopsin have been measured by Peters et al. (4).
Using picosecond absorption spectroscopy, they were able
to resolve bathorhodopsin formation at low temperatures.
The bathorhodopsin formation time was found to vary
from 9 ps at 200K to 36 ps at 40K. Suspension of the sample
in D20 results in an increased bathorhodopsin formation
time, to 175 ps at 200K and 256 ps at 40K. The nonArrhe-
nius temperature dependence of the formation time and
the marked isotopic dependence lead to their suggestion
that the process determining the rate limiting step in
bathorhodopsin formation involves proton(s) transloca-
tion.
It is clear from our measurements that the process
determining the formation time of bathorhodopsin cannot
be the process that determines the fluorescence properties
of rhodopsin. The fluorescence lifetime is <15 ps at all
temperatures, including 50K, and is not dependent on
deuteration. Moreover, from the relationship of = Tn1r
and using a value of r, = 10 ns for the radiative lifetime
derived from rhodopsin's absorption spectrum (5) and of =
6.5 x 10-6 for rhodopsin's fluorescence quantum yield at
50K, we obtain a nonradiative lifetime of 7rn = 0.07 ps.
There is a subpicosecond kinetic process, not involving a
proton dependence, competing with emission. The question
is whether or not this process can correspond to the
11 -cis-to-trans isomerization of rhodopsin's retinal chro-
mophore that occurs in the formation of bathorhodopsin
from rhodopsin.
That this isomerization is involved in rhodopsin's early
photophysics is strongly suggested by our recent picosec-
ond absorption and fluoresence study of a rhodopsin analo-
gue (6). In this analogue, the 11 -cis retinal chromophore
was replaced by one where the Cl 0 and C 13 were bridged
by a three-carbon alkyl group. The three-carbon alkyl
bridge prevents isomerization about the C 11-C12 double
bond, although considerable small angle rotation is possi-
ble. We found that the fluorescence characteristics of this
analogue differed considerably from those of rhodopsin.
The rise time (25 ps) and decay time (55 ps) of the
analogue's emission are considerably slower than those of
rhodopsin < 15 ps for either), and its fluorescence quantum
yield of -4 x 10-' iS almost two orders of magnitude larger
than rhodopsin's. These observations are quite consistent
with a slowing of the C 11-C 12 rotational motion due to the
three-carbon bridge.
In addition, we have recently shown (5) that such
subpicosecond isomerization times about retinal's CI1-
C12 double bond are quite feasible. Using known con-
straints on the ground state potential surface, a barrierless
excited state potential surface along the C11-C1 2 tor-
sional coordinate or rhodopsin's retinal's chromophore, and
reasonable values for the rotational moment of inertia and
the initial slope of the excited state potential surface, we
found that substantial rotation about the C11-C1 2 bond
(say 450) could occur within 0. 1 ps after rhodopsin is
excited. We also estimated that most of rhodopsin's emis-
sion would occur within the first 450 of rotation, being
relatively very improbable for larger angles.
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We thus conclude that, of the two known processes
leading to the photochemical formation of bathorhodopsin,
photoisomerization about retinal's CIl-C1 2 double bond
proceeds proton translocation. The isomerization process is
very fast and very efficient. Moreover, our results are quite
consistent with previous work suggesting that the excited-
state potential surface along the torsional motion is bar-
rierless and fairly steep (11-13). This follows first from
rhodopsin's extremely low emission quantum yield, which
requires a fairly steep surface (5). Moreover, should there
be any significant barrier to rotation in the first 450 of
rotation, we would generally expect a strong temperature
dependence to the emission, with a marked increase in
fluorescence quantum yield at liquid helium temperature
compared to room temperature. Such a conclusion is not,
however, unambiguous. The retinal chromophore must be
coupled strongly enough to its thermal bath environment so
that significant thermal equilibration occurs within -0.1
ps after excitation for there to be any temperature depen-
dence of the emission properties measured here. This
implies a rather strong coupling that may or may not exist.
Finally, we point out that the excited-state potential energy
surface slope, along the 11-12 torsional angle, is probably
similar in steepness for angles close to 00 or trans (the
bathorhodopsin side of the surface) as it is for 1800 or
I1 -cis (the rhodopsin side). This follows from the observa-
tion above that bathorhodopsin's fluorescence quantum
yield is as small or smaller than rhodopsin's, being -<0I,
at least for temperatures Z200K.
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